Structural colors generated by plasmonic resonances in metallic nanostructures have been intensively studied and exciting progress has been made. However, because of the inherent plasmon damping, the saturation of these colors generated by metallic nanostructures could not meet the needs of industrial applications. As a result, researchers increasingly focus on structural colors generated by all-dielectric nanostructures. In this paper, we discuss a type of all-dielectric nanostructure based on a previous design and analyze its optical properties extensively. The display of character T with different color is realized by using this nanostructure. The study helps the understanding of the influence of structural parameters on structural color and provides some guidance for future experiments. This work can impact the development of the structural color devices which can be applied in color printing, color displays, color filters, imaging, and energy harvesting, etc. magnetic and electric dipole resonances and can achieve relatively high transmission efficiency with full phase range control, low costs and wide application prospects. It is well known that slight changes in the parameters of nanostructures will create major shifts in perceived colors [20] . Therefore, we further analyze the impact of nanostructure parameters, and find that the diameter of nanodisk decides the distribution of structural colors. The height of the nanodisk and thicknesses of the dielectric layer and substrate mainly have effects on the saturation of structural color. Finally, we use the nanostructures to realize the display of letter T with three different colors.
Introduction
Over the past decade, there has been an on-going wave of interest and effort in developing optical metamaterials which exhibit exotic electromagnetic properties [1] [2] [3] . These metamaterials, constructed with subwavelength building blocks that are artificially arranged in 3D configurations, can be used to obtain novel optical phenomena that are unattainable from materials which exist in nature. Plasmonic colors, which emerge from resonant interactions between light and metallic nanostructures, are examples of such novel optical phenomena and can be used in color printing, filters, etc. [4] . Plasmonic resonances of metallic nanostructures have enabled high-resolution color printing beyond the optical diffraction limit at a resolution of~100,000 dots per inch [5] [6] [7] [8] . Plasmonic metasurfaces are easy to fabricate and have the ability of unprecedent control over the reflected or transmitted light while featuring relatively low losses even at optical wavelengths [9] . More importantly, today's optical techniques demand the compaction of the physical dimensions of optical systems and development of a smaller and low-energy system [10] . Hence, plasmonic metasurfaces, which can be considered as the two-dimensional analog of metal-based metamaterials, have attracted increasing attention over recent years [9] . However, metallic nanostructures have inherent plasmon damping and possess mainly electric-like resonances. Plasmonic colors suffer from poor color saturation with a gamut that occupies only a small subset of perceivable colors on the International Commission on Illumination (CIE) 1931 chromaticity diagram [5] . Thus, there is an urgent need for another degree of controlling of structural colors, for example, the magnetic resonance modes [11] . The all-dielectric nanostructures which generate structural colors of high saturation and high resolution then entered the view of researchers [12] [13] [14] [15] [16] [17] . Furthermore, finding materials that achieve broadband absorption and are eco-friendly is also a long-sought-after goal of researchers [18, 19] . Based on previous research [5] , this paper uses silicon nanostructures, which are fabricated onto a silicon substrate divided with a Si 3 N 4 layer, to realize the display of different colors. Instead of metals, silicon nanostructures exhibit localized
Design of Unit Cell Structure
The designed unit cell of the all-dielectric nanostructure consists of a silicon nanodisk and a silicon substrate separated by a Si3N4 dielectric layer, as shown in Figure 1 . D denotes the diameter of the nanodisk with height h. Hd is the height of the Si3N4 dielectric layer, and Hs is the height of the silicon substrate. p denotes the period of the unit cell. The central axis of the nanodisk coincides exactly with the central axis of the dielectric layer. We use the finite-difference time-domain (FDTD) solutions software to analyze the reflection characteristics of the nanostructure illuminated by a vertical incident light, whose electric field is polarized along the x direction, and set the working wavelength range as 400-700 nm. The boundary conditions in x and y directions are periodic, whereas the boundary conditions in the z directions are perfect matching layers (PML). According to previous studies [5] , we chose h = 130 nm and Hd = 70 nm. We found the optimal height of the substrate Hs to be about 140 nm by running Parameter Sweep and observing the reflection spectra at different Hs, which was also verified by the distance between the chromaticity coordinate of reflection spectra and that of the standard color.
Simulation results are shown in Figure 2 . When D is 190 nm and both of the period p in the x and y directions are 290 nm, the maximal reflection peak of the spectra is lying in the red band, as shown in Figure 2a . When D is 115 nm and the period p is 290 nm, the reflection spectra with maximal peak in green band can be obtained, as shown in Figure 2b . When D is 100 nm and the period p is 190 nm, the maximal reflection peak of spectra is in the blue band, as shown in Figure 2c .
To understand the resonant modes inside the nanostructures, we take the structure with D = 190 nm and p = 290 nm as an example. The corresponding electric dipole (ED) and magnetic dipole (MD) resonances are shown in Figure 2d ,e, respectively. It can be seen clearly from Figure 2 that magnetic resonance and electric resonance coexist, but the electric resonance shows higher intensity. The electric dipole and magnetic dipole resonances play an important role in increasing the absorption of light and enhancing the transmission efficiencies [21] [22] [23] .
Using above nanostructures, we can obtain a variety of reflection spectra corresponding to different colors by changing the diameter D or the period p of nanostructures. Assuming the obtained reflection spectra are ( ) λ R , the X, Y, Z components can be obtained from the following formulae: We use the finite-difference time-domain (FDTD) solutions software to analyze the reflection characteristics of the nanostructure illuminated by a vertical incident light, whose electric field is polarized along the x direction, and set the working wavelength range as 400-700 nm. The boundary conditions in x and y directions are periodic, whereas the boundary conditions in the z directions are perfect matching layers (PML). According to previous studies [5] , we chose h = 130 nm and H d = 70 nm. We found the optimal height of the substrate H s to be about 140 nm by running Parameter Sweep and observing the reflection spectra at different H s , which was also verified by the distance between the chromaticity coordinate of reflection spectra and that of the standard color.
Using above nanostructures, we can obtain a variety of reflection spectra corresponding to different colors by changing the diameter D or the period p of nanostructures. Assuming the obtained reflection spectra are R(λ), the X, Y, Z components can be obtained from the following formulae:
where − x, − y, − z are the matching functions. Then, we can obtain the chromaticity coordinates (x, y) by x = X/(X + Y + Z) and y = Y/(X + Y + Z). The corresponding chromaticity coordinates in the International Commission on Illumination's (CIE) 1931 chromaticity diagram based on the measured reflectance spectra from simulations are shown in Figure 2f . On the one hand, the resonances are not equally excited under the different parameters of the nanostructure. On the other hand, the absorption of silicon to blue light is more intense from the trend of the permittivity of silicon with wavelength. Hence, we can find that the blue is weaker than red and green from the chromaticity diagram. Even so, we think that rich colors can be obtained by improving the parameters of nanostructures, and this can be potentially used for colorful display. 
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The Influence of Structure Parameters
It is well known that slight changes of nanostructures' parameters will largely shift the structural color. How much the parameters of nanostructures influence the structural color is the topic to be discussed in this section. To systematically analyze the influences of the nanostructure parameters on structural colors, such as the diameter of nanodisk, the height of nanodisk, the tilt angle, the thickness of dielectric layer, and the thickness of substrate, we chose a set of parameters in which the nanostructure reflected the red wave band to perform numerical simulations using the finite- 
It is well known that slight changes of nanostructures' parameters will largely shift the structural color. How much the parameters of nanostructures influence the structural color is the topic to be discussed in this section. To systematically analyze the influences of the nanostructure parameters on structural colors, such as the diameter of nanodisk, the height of nanodisk, the tilt angle, the thickness of dielectric layer, and the thickness of substrate, we chose a set of parameters in which the nanostructure reflected the red wave band to perform numerical simulations using the finite-difference time-domain method. According to the simulation results in Section 2, these parameters include 190 nm for D, 290 nm for the period p, and 130 nm, 70 nm, 140 nm for h, H d , H s , respectively.
The Diameter of Nanodisk
From previous studies [5] , we know that the diameter of nanodisk is the main factor affecting the structural color. The influence of the gap size between nanodisks on the structural color is less important because light can be tightly confined in the nanodisk due to its high refractive index. The influence of the diameter of nanodisk on the distribution of the reflectance spectra is discussed in the following section. Keeping the center-to-center distance of the nanodisks unchanged, that is, p is kept fixed, we observe the variation of reflectance spectra by changing the diameter of the nanodisk D from 30 nm to 200 nm. The results show that the center wavelength of the maximal reflection peak lies in the blue band when the diameter is minimum, as shown in Figure 3a . As the diameter D increases, the maximal reflection peak of the spectra gradually shifts to longer wavelengths and reaches about 642 nm with full width at half-maximum (FWHM) around 95 nm when D = 200 nm, as shown in Figure 3b . In the above simulation, the period p is invariable, so the gap size between nanodisks g gradually decreases as the diameter of nanodisk D increases, where g = p − D. In order to verify whether the diameter of nanodisk D is also a main factor affecting structural color when gap size between nanodisks g remains unchanged, we performed the simulation again. The difference is that the period p changes as D varies, but g is invariable. The results show the same variation trend compared with simulations of p unchanged, except that the spectral distribution is slightly different, as shown in Figure 3c ,d. The above simulation results confirm that the diameter of the nanodisk has a decisive effect on the structural color, compared with the gap size between nanodisks.
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The Height of Nanodisk

To study the impact of the height of nanodisk on the structural color, we gradually changed the height of nanodisk h from 30 nm to 220 nm with all other parameters kept at fixed values, and simulated again with Parameter Sweep function in FDTD. Simulation results show that the variation of the height of nanodisk has a large impact on the structural colors. When h is small, the reflection spectra have many separated peaks, as shown in Figure 4a . Namely, the reflected light is a less saturated red. As h increases, some peaks gradually decrease and finally vanish, while others grow higher and wider, as shown in Figure 4b . When the height of nanodisk h increases to 130 nm, the bandwidth of the red peak reaches the maximum, and the saturation of the reflected light is closest to the standard red. Following this, as the value of h continues to increase, the color saturation of the reflected light begins to decrease. This can be concluded by the distances from every chromaticity coordinate of different spectra to that of standard red. The chromaticity coordinates corresponding to different h have been marked in the chromaticity diagram, as shown in Figure 4c . To study the impact of the height of nanodisk on the structural color, we gradually changed the height of nanodisk h from 30 nm to 220 nm with all other parameters kept at fixed values, and simulated again with Parameter Sweep function in FDTD. Simulation results show that the variation of the height of nanodisk has a large impact on the structural colors. When h is small, the reflection spectra have many separated peaks, as shown in Figure 4a . Namely, the reflected light is a less saturated red. As h increases, some peaks gradually decrease and finally vanish, while others grow higher and wider, as shown in Figure 4b . When the height of nanodisk h increases to 130 nm, the bandwidth of the red peak reaches the maximum, and the saturation of the reflected light is closest to the standard red. Following this, as the value of h continues to increase, the color saturation of the reflected light begins to decrease. This can be concluded by the distances from every chromaticity coordinate of different spectra to that of standard red. The chromaticity coordinates corresponding to different h have been marked in the chromaticity diagram, as shown in Figure 4c . 
The Tilt Angle
In this section, we discuss the impact of the tilt angle of incident plane wave on structural color. All parameters of the nanostructure unit cell are kept at fixed values, while the tilt angle of incident plane wave is changed from −30° to 30°. We use FDTD solutions to simulate again. According to the simulation results shown in Figure 5a -d, we find that changing the tilt angle of the incident light hardly affect the distribution of the spectra, but the value of each reflection peak, that is, the reflectivity, gradually decreases as the tilt angle increases. In order to verify the polarization insensitivity of the nanostructure, we rotated the electric field direction by 90° and ran the simulation again. Parts of the results are shown in Figure 5e ,f. These simulation results indicate that the change 
In this section, we discuss the impact of the tilt angle of incident plane wave on structural color. All parameters of the nanostructure unit cell are kept at fixed values, while the tilt angle of incident plane wave is changed from −30 • to 30 • . We use FDTD solutions to simulate again. According to the simulation results shown in Figure 5a -d, we find that changing the tilt angle of the incident light hardly affect the distribution of the spectra, but the value of each reflection peak, that is, the reflectivity, gradually decreases as the tilt angle increases. In order to verify the polarization insensitivity of the nanostructure, we rotated the electric field direction by 90 • and ran the simulation again. Parts of the results are shown in Figure 5e ,f. These simulation results indicate that the change of tilt angle of incident plane wave will not influence the structural color but affect the visual effect of structures in brightness.
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The Thickness of Dielectric Layer
The thickness of the dielectric layer Hd is another factor which could affect the structural color. Therefore, we changed the thickness of the dielectric layer Hd from 30 nm to 120 nm while keeping other parameters unchanged, and ran the simulation again. Results show that when the thickness of the dielectric layer is less than 70 nm, the reflectivity and the bandwidth of the red wave band increase 
The thickness of the dielectric layer H d is another factor which could affect the structural color. Therefore, we changed the thickness of the dielectric layer H d from 30 nm to 120 nm while keeping other parameters unchanged, and ran the simulation again. Results show that when the thickness of the dielectric layer is less than 70 nm, the reflectivity and the bandwidth of the red wave band increase as the thickness of the dielectric layer increases, but the reflectivity of the blue and green wave bands decreases. When the dielectric layer is thicker than 70 nm, the reflectivity and the bandwidth of the red wave band increase, and so does the reflectivity of the green and blue wave bands. Therefore, we can draw the conclusion that when the thickness of the dielectric layer H d is 70 nm, the reflected light is the closest to the spectral red, which is the result we want, as shown in Figure 6 .
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The Thickness of Substrate
To investigate the influence of the thickness of substrate on reflected light, we kept all other parameters fixed and change only the thickness of the substrate Hs from 100 nm to 300 nm and ran the simulation again. Results show that the changes of the reflection spectra are complex. A monotonous increase or reduction with the increase of the thickness of substrate does not exist.
With the thickness of the substrate Hs increasing, it is clear that the peak position tends to shift towards shorter wavelength, and the maximal peak always lies in the red band, but the bandwidth of the maximal peak varies periodically, as shown in Figure 7 . This is because the position of the maximal reflectivity is decided by the structural size of the nanodisk, and the thin-film interference gives the reflectivity more detail. The incident light reaching the dielectric layer, experiences multilayer interference at the air-dielectric interface because of the existence of the dielectric layer and the substrate. According to the thin-film interference theory, when the wavelength of light under normal incidence meets the formula 
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Where n 1 and n 2 are the refractive index of dielectric layer and substrate respectively, constructive interference will occur. As a result, the reflectivity of the corresponding positions will increase, which will lead to the increase of the saturation of the reflected light expected to be red. For example, when H s = 100 nm, 170 nm and 270 nm, the saturation of the reflected light gets lower, as shown in Figure 7a ,c,e. On the other hand, due to the existence of the multilayer interference, the spectra change periodically. For instance, the spectra at H s = 140 nm and H s = 230 nm are similar. When H s = 140 nm, the maximum reflectivity is about 87.8% and the FWHM is about 95 nm. When H s = 230 nm, the maximum reflectivity is about 88% and the FWHM is about 90 nm, as shown in Figure 7b ,d.
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Application for Color Display
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Based on the above results, we know that these letter Ts composed with different nanostructures have a good reflection on the corresponding wave band. In other words, the simulated color of the letter T with different structural parameters is consistent with what we expected. 
Conclusions
In summary, we discuss a type of all-dielectric nanostructure based on previous research [5] and analyzed its optical properties by changing the diameter of the nanodisk, the height of the nanodisk, the tilt angle, and the thicknesses of the dielectric layer and substrate. We found that the diameter of nanodisk has a great influence on the distribution of the structural color, while the height of the nanodisk and the thicknesses of dielectric layer and substrate mainly affect the saturation of the structural color. The tilt angle has no impact on the hue of the structural color but influences its brightness. Afterwards, we used these nanostructures to realize the display of different colors of the character T based on our parameter analysis. The simulation results are consistent with theoretical predictions. This study helps the understanding of the influence of structural parameters on structural color and could provide guidance for future experiments. Based on the above results, we know that these letter Ts composed with different nanostructures have a good reflection on the corresponding wave band. In other words, the simulated color of the letter T with different structural parameters is consistent with what we expected.
In summary, we discuss a type of all-dielectric nanostructure based on previous research [5] and analyzed its optical properties by changing the diameter of the nanodisk, the height of the nanodisk, the tilt angle, and the thicknesses of the dielectric layer and substrate. We found that the diameter of nanodisk has a great influence on the distribution of the structural color, while the height of the nanodisk and the thicknesses of dielectric layer and substrate mainly affect the saturation of the structural color. The tilt angle has no impact on the hue of the structural color but influences its brightness. Afterwards, we used these nanostructures to realize the display of different colors of the character T based on our parameter analysis. The simulation results are consistent with theoretical predictions. This study helps the understanding of the influence of structural parameters on structural color and could provide guidance for future experiments.
